We demonstrate laser beam shaping by utilizing the linear electro-optic effect in patterned ferroelectric domains in lithium tantalate. The phase function essential for the conversion of a 633 nm wavelength laser light from a Gaussian to a flat-top intensity profile was computed using the Gerchberg-Saxton algorithm. The corresponding ferroelectric domain pattern required to induce the equivalent phase function was fabricated on a lithium tantalate crystal, and the performance compared with design specifications. © 2009 American Institute of Physics. ͓doi:10.1063/1.3262349͔
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In many such applications, uniform power distribution of the laser beam over a specific region of interest is essential for ideal performance. However, the fundamental transverse electromagnetic ͑TEM 00 ͒ mode of the laser beam in most commercially available laser systems has a Gaussian intensity distribution which is not optimal for these applications. In order to circumvent this problem, various methods to transform the Gaussian intensity profile into any desired beam profile have been developed. [3] [4] [5] [6] These methods, based on geometric optics and diffraction theory, are employed to determine the phase function of a phase modulating element ͑PME͒. The PME is used to modulate the phase of the incident beam in order to achieve the desired intensity distribution. Nevertheless, realization of the intricate phase function in a real optical system is a complicated problem involving multiple optical elements. It could be simplified by utilizing the electro-optic effect in ferroelectric materials for the creation of the phase function. Recently, various electro-optic devices have been fabricated on ferroelectrics for laser beam steering, focusing, and switching applications. [7] [8] [9] In this letter, we demonstrate the proof of concept of laser beam shaping using a compact PME fabricated on ferroelectric lithium tantalate.
Lithium tantalate ͑LiTaO 3 ͒ is a uniaxial ferroelectric crystal having two possible domain orientations, in which the spontaneous polarization is pointing along the crystallographic +Z or ϪZ-axes. The direction of spontaneous polarization in these domains can be reversed from a +Z to ϪZ state by the application of an external coercive electric field ͑ϳ21 kV/ mm͒ along the ϪZ-axis ͑or vice versa͒. As a consequence, a 180°domain wall parallel to the Z-axis is formed at the boundary of the two domain states. This phenomenon can be utilized to define any arbitrary domain pattern in lithium tantalate by adopting well-established domain poling techniques. 10 Furthermore, the linear electro-optic effect in ferroelectric materials can be favorably exploited to modulate the phase of the incident wavefront. For instance, a domain wall shaped in the form of a convex lens can be used to modulate the phase of the wave-front such that the laser beam is converging or diverging depending on the sign of the E z . Hence, by calculating the required phase function and fabricating the corresponding domain wall pattern on lithium tantalate, a Gaussian intensity profile can be transformed to any ͑rectangular, circular, elliptical, etc.͒ desired intensity profile. In order to demonstrate this concept, we computed the phase function required to transform a Gaussian intensity profile to a flat-top profile. We used the well-established Gerchberg-Saxton ͑GS͒ and modified forms of GS algorithms 1,2 for iteratively extracting the required phase function. The iterative scheme was implemented using MATLAB ® 7.0.4 and optimized by the normalized mean square error and flatness of the intensity profile generated at the target plane. The phase function, ͑x , y͒ required for transforming the laser beam at 633 nm wavelength ͑͒ from a Gaussian profile to a flat-top profile was computed. The corresponding ferroelectric domain pattern illustrated in Fig 
where L is the length of the phase modulating device ͑10 mm͒, w is the width of the PME fixed as 20 mm, d͑w͒ is the function describing the domain wall pattern as a function of the width of the PME, E z ͑1.45 kV/mm, calculated from simulation͒ is the external field strength required for achieving the required phase function. The material parameters of lithium tantalate used to determine the required domain pattern are n e = 2.1809 and r 33 = 30.5 pm/ V. To fabricate the proposed device, the domain wall pattern calculated from the phase function shown in Fig. 1 was replicated on commercially available z-cut lithium tantalate wafers with a thickness of 500 m. An electrode pattern resembling required domain pattern as shown in Fig. 1 was defined on the +Z surface by photolithography. Figures  2͑a͒-2͑d͒ illustrates various regions of the photomask used during lithography. The domain wall pattern was fabricated by employing well established electric field assisted domain poling techniques. In order to reveal the fabricated domain wall pattern, the samples were etched in a 1:2 solution of 49% hydrofluoric acid and 70% nitric acid for 24 h at room temperature. The differential etching rate of the +Z and ϪZ domain result in an appreciable contrast at the domain wall. Various regions of the fabricated domain wall pattern were observed by cross polarized light microscopy. Figures  2͑e͒-2͑h͒ are the polarized light micrographs of the fabricated domain wall pattern corresponding to Figs. 2͑a͒-2͑d͒ on the photomask. It can be clearly observed that the fabricated domain wall pattern is similar to the simulated phase mask design. There are a few defects in the pattern which originate during fabrication and one of these is illustrated in Figs. 2͑d͒ and 2͑h͒ .
In order to facilitate real-time observation of nucleation and growth of the domains under an optical microscope, hard tap water ͑not deionized water which does not work͒ was used as an electrode on the top ͑ϪZ͒ surface. A uniform external coercive field ͑ϳ21 kV/ mm͒ was applied across the sample to fabricate the domain pattern. The samples were wrapped in aluminum foil and annealed at 175°C for 12 h.
Annealing helps in relieving the stress and internal field across the freshly formed domain wall pattern. A uniform layer of tantalum ͑1 m thickness͒ was sputtered over the 10 mmϫ 20 mm region on both the +Z and ϪZ surfaces. They act as a set of parallel electrodes required while testing the device. The input and output facets of the device were polished to optical grade using 0.02 m colloidal silica. This reduces the optical insertion loss and prevents distortion of the laser beam due to surface scattering. After polishing, the device was packaged for testing.
A commercially available helium-neon laser at 633 nm wavelength was used to test the performance of the device. The schematic of the experimental set-up used is illustrated in Fig. 3 . The collimated laser beam is aligned to be parallel to the crystallographic Z-axis ͑shown in Fig. 3͒ by iteratively adjusting the position of the two mirrors. A polarizer is utilized to align the laser polarization along the Z-axis. The device holder is mounted on a three-axis rotation +3 dimension translation stage to ensure the optical alignment of laser polarization along the spontaneous polarization of the ferroelectric domains in the device. This configuration maximizes the change in refractive index due to the linear electro-optic effect in lithium tantalate. A cylindrical lens with a focal length of 250 mm is used to couple the laser beam into the device. The focal length of the lens is chosen such that the waist of the focused laser beam lies at the center of the device. The laser beam is confined within the thickness along the entire length to avoid any clipping or reflections from the top and bottom surfaces of the device. The spatial positioning and focal length of the required lens are calculated by modeling the optical system with ABCD theory for Gaussian beam propagation. The intensity profile of the laser beam exiting the output facet of the device is recorded in the farfield with a camera ͑COHU 4812͒. The linear and angular position of the device is fine tuned until we obtain a Gaussian intensity profile of the outgoing beam on the camera. A Trek ® high voltage power supply was used to apply a uniform external electric field required for converting the Gaussian into a flat-top profile. As per the simulations, external field strength of 1.4 kV/mm required for conversion is applied across the device. The conversion of the Gaussian intensity profile to a flat-top intensity profile under the application of external field is clearly observed as illustrated in Fig. 4͑a͒ . The ideal performance of the device computed using numerical simulations is shown in Fig. 4͑b͒ . The variation in the experimental results and numerical simulation is attributed to the following assumptions in the numerical modeling. Firstly, in numerical simulation, a thin phase modulating element is considered, whereas, in experiment, the laser beam has to propagate 10 mm inside the crystal. Secondly, there might be some error due to diffraction since the complex phase function ͑͒ is valid only in the near field. Thirdly, the power dissipation of the laser beam associated with reflection and scattering at the domain wall may also result in abberation.
In summary, we have demonstrated the proof of concept of laser beam shaping from Gaussian to flat-top profiles by using compact ferroelectric domain wall patterns as the PME. The same device can be operated over a wide range of wavelengths in the transparency regime of lithium tantalate ͑0.35-4.5 m͒ by calculating the external field strength required to induce the required phase shift at the desired wavelength. This concept can be adopted to achieve any desired output intensity profile including elliptical, circular, triangular, etc. by calculating and fabricating the corresponding domain wall pattern required for conversion. Since any single pattern has a small footprint, many such patterns can be arranged on a single chip and operated in sequence to achieve multiple beam shapes from the same device. The idea can also be extended to perform laser beam shaping in two dimensions by means of two similar devices placed in an orthogonal configuration. 8 Additionally, the intrinsic electrooptic response ͑ϳgigahertz͒ of ferroelectric materials promises the possibility of laser beam shaping at high speeds. The voltage requirements can be substantially lowered by decreasing the thickness of the device and also by using ferroelectric materials with higher electro-optic coefficients. In view of the aforementioned advantages, the proposed concept can greatly simplify the process of realizing the intricate phase functions required for laser beam shaping. 
